Abstract: Using a combination of first principles calculations and empirical potentials we have undertaken a systematic study of the low energy structures of gold nanoclusters containing from 3 to 38 atoms. A Lennard-Jones and many-body potential have been used in the empirical calculations, while the first principles calculations employ an atomic orbital, density functional technique. For the smaller clusters (n = 3, 4 and 5) the potential energy surface has been mapped at the ab initio level, for larger clusters an empirical potential was first used to identify low energy candidates which were then optimised with full ab initio calculations. At the DFT-LDA level, planar structures persist up to 6 atoms and are considerably more stable than the cage structures by more than 0.1 eV/atom. The difference in ab initio energy between the most stable planar and cage structures for 7 atoms is only 0.04 eV/atom. For larger clusters there are generally a number of minima in the potential energy surface lying very close in energy.
I. INTRODUCTION
There has been considerable interest in gold nanoclusters in recent years motivated in part by the catalytic activity of small supported clusters [1] . Their increasing application as nanoscale building blocks in materials and devices [2] and their unique optical properties [3] have also motivated much of this work. A fundamental understanding of the physical and chemical properties of clusters, and in particular the size dependence of these properties, is central to developing many of these applications. Systematic structural studies of clusters over varying size ranges play an important role as structure represents the starting point for understanding other cluster properties and may indeed be a determining factor in their physical and chemical behaviour.
Generally, the applications alluded to above involve clusters supported on a solid surface, or clusters containing 1000's of atoms, which are additionally surface passivated.
Although the ultimate aim of computational efforts may be to study such complex systems, initial efforts must proceed from far simpler systems. Theoretical determination of the equilibrium structures from first principles rapidly becomes intractable with increasing cluster size, first because of the computational resources required, and second because determination of global minima rapidly becomes difficult as the number of degrees of freedom of the potential energy surface increases. The second factor is particularly apparent for gold clusters where the number of local minima grows rapidly due to the short range nature of the gold-gold interaction. Consequently there still exists debate over theoretical minimum energy structures even for the smallest clusters containing 10's of atoms. This problem is further compounded by the difficulty of direct experimental structure determination using diffraction, electron microscopy and scanned probe techniques in this size range. Cluster structures can, to some extent, be inferred from measuring structure dependent properties such as detachment energies by photoelectron spectroscopy. This approach is, however, yet to yield definitive low energy structures. In the present work we have attempted to systematically map the potential energy surfaces using a combination of empirical potential and first principles calculations for gold clusters containing between 3 and 38 atoms. In addition, we also investigated specific ordered structures likely to have low energies. The aim is to provide a comprehensive study of structures in order to shed light on the current controversies. In the longer term we are interested in modelling gold nanoparticles representative of experimental measurements and applications, that is large clusters which are surface passivated or supported on a substrate.
A number of important factors have emerged from recent theoretical calculations of gold nanoparticles. As mentioned above the potential energy surfaces are complex and contain many local minima. An extensive search of the PES with no symmetry constraints is required in order to locate global minima. Some of the earlier studies, although conducted using high level ab initio techniques were restricted to fixed symmetries and so excluded the possibility of dis-ordered structures [4] . The use of empirical potentials such as embedded atom or Sutton-Chen potentials make searching the PES more feasible, however the energy ordering of the large number of local minima, and whether ordered or disordered structures are most stable can be quite sensitive to the form of the empirical potential that is used. Recent studies using the n-body Gupta potential and first principles DFT calculations for gold clusters containing 38, 55 or 78 atoms provide evidence that for these magic numbers the most stable structure is disordered but lies close in energy to crystalline or quasi-crystalline structures [5] [6] [7] . Even for the much smaller magic number clusters containing 13 and 19 atoms, Wang et al [8] find a preferred disordered structure rather than the compact ordered icosahedral or fcclike structure. However, ordered structures cannot be excluded as shown by Li et al [9] who found the tetrahedron as the lowest energy structure for Au 20 based upon a theoretical and experimental investigation.
Strong relativistic effects occur in the interactions between gold atoms which influence the stability of various structures. Hakkinen and Landman [10] have performed DFT calculations using a scalar relativistic pseudopotential for clusters between 2 and 10 atoms and find that flat 2D structures persist up to 7 atoms. Bonačić-Koutecký et al. [11] and Lee et al. [12] , using DFT with relativistic pseudopotentials, predict this transition from planar to 3D structure at 10 and 13 atoms respectively. On the other hand Wang et al [8] report this transition at a smaller size, between Au 6 and Au 7 , The latter calculations also employ a core pseudopotential corrected for relativistic effects. Finally, it is interesting to note that more recent calculations by Hakkinen et al [13] , for small Au anion and neutral clusters, predict planar structures stable up to 12 atoms for Au n -and 13
atoms for Au n . It is clear from these results that the planar-3D transition maybe sensitive to other factors beyond relativistic ones.
II. METHODS
In the present work we have used a combination of empirical potentials and ab initio calculations to locate global minimum energy structures and low-lying isomers.
For clusters containing fewer than 6 atoms it is possible to exhaustively search the potential energy surface (PES) to identify the equilibrium structures, stable isomers, and activation barriers between structures. For n = 3 to 5, the PES was systematically mapped in a series of single-point DFT calculations. The resulting minimum energy structures were then further refined by a conjugate-gradient relaxation. However, above n = 5, the number of degrees of freedom rapidly increases making potential energy scans problematic, particularly for clusters of gold atoms where the number of low-lying minima can be large. Hence, for larger clusters we use an empirical potential to locate minima in the PES rapidly and then relax the resulting structures using density functional calculations. However this method has limitations because of the strong dependence of the PES search on the empirical potential used. In addition to the low energy structures found with the semi-empirical potential, it is also judicious to investigate structures with favourable geometrical properties, which are not necessarily found by the semi empirical search of the PES. In the present study, we also performed local relaxations, at the DFT level, of cubic (n = 9 and 35), cuboctahedral (n = 13), decahedral (n = 13), rhombic dodecahedral (n = 15), octahedral (n = 19), one and four atom-truncated tetrahedral (n = 9, 16, 19, 31 and 34), one atom capped-tetrahedral (n = 11, 21 and 36), tetrahedral (n = 10, 20 and 35) structures as well as the recently reported 32 atom fullerene [14] structure.
In addition to these ordered structures, we finally investigated planar structures up to n = 14, including the global minima reported by Hakkinen et al [13] , Bonačić-Koutecký et al.
[11] and Lee et al. [12] .
A. Empirical PES Searches
We have implemented a Monte Carlo (MC) Simulated Anneal (SA) [15] method to search the empirical PES for low-energy structures. This is a well-established technique and the reader is refereed to the literature [16] . The starting cluster geometry is generated randomly with N atoms distributed in a sphere of radius r s = 2.5 x N 1/3 Å. Equilibration at each temperature is achieved when the total energy of the cluster, averaged over 100 consecutive moves, varies only within a defined energy tolerance for 10 consecutive cycles. The energy tolerance employed depends upon the potential used and cluster size.
The temperature is then reduced by a factor f T = 0.5 and the process repeated. At each temperature cycle, the radius r s of the sphere in which the selected atom is moving is initially reduced by a factor f r = 0.9, and then readjusted [17] so that the acceptance/rejection ratio is kept between 0.4 and 0.6. Ten temperature cycles are applied for a structure optimisation, and the initial temperature is selected so that the acceptance/rejection ratio initially lies between 0.4 and 0.6. The annealing temperature was also controlled so that local minima could also be located as well as the global minimum. For each cluster size, 10 4 random starting configurations were optimised with the SA method and the ten distinct lowest energy structures were locally relaxed at the DFT level.
The SA method is a robust method for minimising functions with many variables that, unlike steepest descent or a conjugate gradient methods, can escape from shallower minima to locate deeper minima, and under careful annealing conditions find the global minimum. Another attractive feature of the SA is that the global minimum is found Clearly, a two-body potential may not provide an adequate model of metallic clusters, particularly as the cluster size increases. However, it is arguable whether a metallic behaviour occurs for such small cluster sizes, and besides we are more concerned in using it to find low energy candidates for the ab initio optimisations, rather than predicting the actual global minimum with the SA. Lennard-Jones potentials, and pair potentials in general, are easy to implement and computationally cheap.
For larger clusters we use the n-body Gupta potential parameterised by Cleri and
Rosato [22] , which successfully reproduces fcc bulk cohesive energy, lattice parameter and elastic constants. The reader is again refereed to the literature for details [22] . The underlying method, the tight-binding second moment approximation (TB-SMA), was originally designed for transition metals whose cohesive energy is related to large d-band densities of states and can be derived from the second moment. However, it was shown by Cleri et Rosato [22] that for noble metals, for which higher moments have to be included in the computation of the cohesive energy due to the s-d hybridisation, the TB-SMA model can still be successfully applied by increasing the range of the potential. By attempting to treat metallic bonding in a reasonable way, these types of potentials appear to be appropriate to characterise large clusters exhibiting metallic behaviour. The main drawback of the n-body potentials is that they are computationally expensive because of their many-body character, and it is unclear how large the cluster must be in order for this description to be reasonable.
The LJ potential is seen to predict structures whose total energies are increasingly higher than the DFT low energy structures for n ≥ 20, whereas the Gupta potential consistently predicts low energy structures lying close in energy with the DFT global minima (see fig. 9 (a)). For this reason, the n-body Gupta potential was used for clusters with n ≥ 20.
B. Ab Initio Calculations
Structure optimisations of the low energy candidates determined from empirical SA calculations, and the mapping of the PESs for clusters containing up to 5 atoms were performed using density functional theory (DFT) calculations. The ab initio calculations were carried out using the SIESTA code [7, 23] , which performs a fully self consistent DFT calculation based on the linear combination of atomic orbitals (LCAO) approximation. The DFT calculations were performed within the local spin density approximation (LSDA) as parameterised by Perdew and Zunger [24] . A pseudo-potential basis set was used with the core-electrons described by a relativistic Troullier-Martins 
III. RESULTS AND DISCUSSION

A. Potential Energy Surfaces for Au n (n = 3 to 5)
The DFT PES of Au 3 is shown in figure 1 . The transition between the linear trimer and isosceles triangle was mapped by folding the molecule along its centre (see fig. 1 energy than the acute triangle, and the activation barrier from this minimum to the acute triangle is 10 -3 eV/atom. Both the linear form [8, 32] and obtuse triangle [10, 33] have been found previously as the global minimum. Wesendrup et al. [34] have shown that the lowest energy structure of the trimer is very sensitive to the method used. They find an acute triangle at relativistic-HF and -CCSD(T) levels and an obtuse triangle at a relativistic-MP2 level. The PES in figure 1 indicates that the potential barrier is very steep towards acute angles but shallower on the obtuse side. The bond lengths for both our structures are somewhat shorter than previous results, Wang et al [8] calculate a our value, and an angle of 58.9˚, which is a little lower than our value. Out of these 4 structures only the planar rhombus and Y-shaped structure represent minima, the square and 3D tetrahedron being transition states. The planar rhombus is 0.122 eV/atom more stable than the Y-shaped structure, about half the value obtained by Wang et al [8] . The activation energy from the planar rhombus is about 0.189 eV/atom. The energy difference between the planar rhombus and 3D tetrahedron is only 0.327 eV/atom, Wang et al [8] , by contrast give a value that exceeds 1.5 eV/atom. The sensitivity of the optimum structure to the method used for the 4 atom cluster has also been shown by Gronbech et al [33] , where the planar rhombus is more stable using the LSDA functional while the "Y-shaped" structure is more stable with the BLYP functional.
Finally, a portion of the PES for the 5 atom cluster is shown in figure 5 , corresponding to the transition between the trigonal bipyramid and the planar "Wshaped" structure. Both structures are minima separated by an energy difference of 0.127 eV/atom, the planar structure being the global minimum, the energy barrier is 0.219 eV/atom from the planar structure. By contrast to the previous clusters, the w-shaped planar structure seems to be the global minimum irrespective of the level of theory employed [8, 10, 33, 35] . The energy difference between these two low energy structures is again considerably smaller than that reported by Wang et al [8] , 0.79 eV/atom, and bond lengths are smaller than those reported by Hakkinen et al [10] . Our relaxed structure is a trapezoid with a base of three Au atoms each separated by 2.54 Å, the three remaining outside bond lengths are 2.58 Å and the inside bond lengths are 2.72 Å, as opposed to base and inside bond lengths of 2.64 Å and 2.78 Å from Hakkinen et al [10] .
B. Structure of Larger Clusters (n = 6 to 38)
Optimum DFT structures for clusters in the range of 6 to 38 atoms are shown in figures 6, 7 and 8. These were obtained by generating 10 low energy candidates by our empirical SA method and relaxing using a conjugate-gradient DFT calculation. In addition to the semi-empirical structures, we also performed DFT local relaxation on ordered structures (see section II). In most cases the energy ordering of the low energy isomers differs at the empirical and ab initio levels.
The Lennard-Jones potential was used for the empirical portion of the calculations for clusters below 31 atoms. The lowest energy structures generated by this potential agree with those reported in the Cambridge Cluster Database [36], giving us confidence that our implementation of the SA is behaving correctly.
For the smaller clusters in this size range there is still some disagreement about where the transition occurs between 2D and 3D structures. While there is little dispute that the Au 6 cluster is a planar triangular structure [8, 10, 11, 37] , variance exists for the Au 7 structure. Our calculations predict this as the first 3D structure, the pentagonal bipryamid (7, fig. 6 ) being the most stable configuration. Hakinnen et al. [10] predict a hexagonal planar structure (7b, fig. 6 ). Bonačić-Koutecký et al. [11] and Lee et al. [12] also report a planar geometry: a one atom capped triangle structure (7a, fig. 6 ). In contrast, Wang et al [8] find the same 3D structure as our own, albeit with an energy difference that is about twice the value found here of 0.069 eV/atom. It is important to note that the 3D structure is predicted by LDA calculations while the planar structures are the result of GGA calculations.
For clusters containing between 7 and 10 atoms although the lowest energy structures are all 3D (see fig. 7 ) there are a number of planar isomers within 0.069 eV/atom or less. Again this is in disagreement with Hakinnen et al. [13] , Bonačić-Koutecký et al. [11] and Lee et al. [12] who report planar structures within this size range. However, it is important to note that the GGA calculations by Lee et al. [12] also predict a small difference in energy, up to 0.070 eV per atom, in favour of the planar structures. A combination of ion mobility measurements and GGA-DFT calculations of cationic gold clusters by Gilb et al. [38] , shows that GGA lowest energy structures are compatible with experimental cross sections, which tend to support the planar GGA structures over the 3D LDA structures for Au n with n > 6. On the other hand, a similar investigation on anionic gold clusters by Furche et al. [39] shows that GGA overestimates the stability of planar structures by predicting these to be the minimum up to Au 15 -whereas Au 13 -is found to be three dimensional. The variety of ground state structures reported for Au 3 , Au 4 , Au 7 to Au 10 suggests that not only relativistic effects [40] but also the level of theory used strongly influences the stability. Nonetheless it is debateable whether the lowest energy structure can be unambiguously identified within different methods given the small energy difference between planar and 3D structures predicted by LDA and GGA [12] . Finally, we want to stress that two isomers are found as the ground structure for Au 9 (9 and 9a, fig. 6 ).
Beyond Au 10 3D structures dominate. As shown in figure 9 (a), the energy difference between the planar lowest energy structure and the global minimum increases considerably beyond n = 10. Similarly to Au 9 , two different structures are found for the Au 11 global minimum (11 and 11a, fig. 7 ). Up to 16 atoms the structures are flat cage like structures with no internal atoms, more importantly they are all disordered. The symmetric icosahedral structure for Au 13 (13a, fig. 7 ) predicted by a simple LennardJones potential as the lowest energy structure lies about 0.148 eV/atom above a disordered structure (13, fig. 7 ) at the DFT level. The transition between flat cage and compact structures is found to occur at n = 16, at which the lowest energy structure is neither a flat cage structure nor a compact structure, and is only composed of surface atoms. The first structure with an internal atom appears at Au 17 , and has C 2v symmetry. The lowest energy structures of Au 18 and Au 19 are derived from this latter structure. Au 18 undergo distortions due to the inclusion of the additional atoms, while Au 19 exhibits the same structure as Au 17 with two capping atoms.
Once again there are a number of isomers lying close in energy, with about 75% of the relaxed structures lying within 0.05 eV/atom of the ground energy.
For n ≥ 20, the n-body Gupta potential [22] was used to map the PES with the SA method (LJ potential calculations have additionally been performed up to n = 30). The Gupta lowest energy structures of Au 20 to Au 38 found with the SA were identical to the structures reported by Darby et al [41] , except for Au 33 . The SA revealed a structure with a C 2v symmetry (33G, fig. 8 ) that is 7.488x10 -3 eV lower in energy (at the Gupta potential level) than the structure reported previously [41] .
The ground structure of Au 20 is found to be tetrahedral (20, fig 7) in agreement with previous experimental and theoretical studies [9, 42] . The tetrahedron was not predicted as one of the ten lowest energy structures by the SA with either the Gupta or the LJ potential. With the Gupta implementation of the potential, the tetrahedron is found to be 1.198 eV higher in energy than the Gupta lowest energy structure (see Darby [41] ).
Similarly, with the LJ implementation, the tetrahedron is found to be a local minimum that is higher in energy than the LJ Au 20 global minimum. The Au 20 tetrahedron is 0.033 eV/atom lower in energy than the more stable disordered structure (20a, fig. 7 ) at the DFT level. The other possible tetrahedral structures within our size range, Au 10 and Au 35 , are respectively 0.088 and 0.121 eV/atom higher in energy than the disordered lowest energy structures. The other tetrahedral based structures: the four atom truncated tetrahedrons, Au 16 and Au 31 , the one atom truncated tetrahedrons, Au 9 , Au 19 and Au 34 , and the one atom capped tetrahedrons (including different isomers with a capping atom in distinct location on the (111) surface), Au 11 , Au 21 and Au 36 , are also found to be less energetically favourable than the corresponding disordered structures. All these tetrahedral based structures are at least 0.013 eV/atom higher in energy than our global minima except for Au 16 and Au 9 that both lie within 0.003 eV/atom of the corresponding lowest energy structures (9, 9a, fig. 6, and 16, fig. 7 ). Rather than describe each of the DFT relaxed low energy structures for clusters containing more than 20 atoms we again refer the reader to the structures shown in figure   8 , and note that they are all, to a lesser or greater extent, disordered. In addition, for n = 29 and 37 we find two structures with the same energy, and for all other structures find that almost all of the relaxed structures lie within 0.05 eV/atom of each other. In agreement with Soler et al. [7] , a disordered structure (38, fig. 8 ) is predicted as the Au 38 lowest energy structure, 0.026 eV/atom lower in energy than the truncated octahedron (38a, fig. 8 ) found with the Gupta potential.
We finally want to stress that the Au 20 tetrahedron is the only ordered structure that was identified as a global minimum. The relaxation of the Au 32 fullerene structure reported by Johansson et al. [14] also yielded a rhombic triacontahedron of approximately 8.7 Å in diameter, but with a total energy 0.095 eV/atom higher than the disordered Au 32 ground structure. The additional ordered structures that were relaxed at the DFT level but not mentioned in this section were found to be at least 0.05 eV/atom higher in energy than the corresponding disordered structures.
C. Trends in Binding Energy and Electronic Structure
The calculated bulk relative total energy per atom, E R (n), second differences in the total energy per atom, ∆ 25 and 28 for LJ, and n = 32 for Gupta) correspond to transition structures at the DFT level and were relaxed to a different structure. The second differences in the total energy per atom were computed as ∆
E(n) = E total (n+1) + E total (n-1) -E total (n).
The relative total energy per atom is seen to increase gradually as a function of the cluster size (see Fig. 9 (a)), and slowly tends towards 0, i.e. the total energy of the bulk. A change in the relative slope is observed between Au 6 and Au 7 at the transition from planar to 3D structures. Although the aim of this work is not to investigate the accuracy of the semi empirical potentials used, it is nonetheless interesting to note that the LJ potential predict the ground structures for Au 7 and Au 9 , and the Gupta potential for Au 36 . Fig. 9 (a) also shows that the Gupta potential performs better than the LJ potential for n ≥ 20.
Both ∆ 2 E(n) and E H-L (n) curves exhibit almost periodical odd-even oscillations as shown in Fig. 9 (b) and (c). Clusters containing an even number of atoms are seen to be more stable than their odd-numbered neighbours, except within the size range n = 13 to 17 (see Fig. 9 Au 38 value and the value reported by Valden et al. [44] .
IV.CONCLUSIONS
In the present work, structures of small gold clusters, n = 3 to 38, were investigated using first principles calculations. Potential Energy Surfaces of Au 3 , Au 4 and Au 5 were directly mapped using DFT-LDA single point calculations. For n > 5, semi empirical potentials were first used to search the PESs, and local DFT-LDA relaxations were then preformed to find the global minima. In addition to the low energy candidates revealed by the semi empirical potential, relevant ordered structures were also relaxed at the DFT-LDA level.
Planar structures are found as ground structures up to n = 6, and are found to persist as relatively low-lying isomers up to n = 10. Similarly, previous GGA investigations predicted small differences in energy, but favoured planar over three 
